Abstract: By combining control of the Ti: Sapphire crystal temperature with the modulation of the pump laser power, the carrier-envelope offset frequency CEO f was locked for more than 19 hours.
INTRODUCTION
The characterization of single isolated attosecond pulses based on momentum streaking suffers from low photoelectron counts. In order to collect sufficient counts to suppress the statistical noise, the carrier-envelope phase (CEP) of the high power laser pulses for generating attosecond pulses needs to be stabilized for many hours [1] . To produce the required high-energy CEP-controllable femtosecond laser pulses, seed pulses from the oscillator with identical CEP are selected and amplified in a chirped pulse amplifier (CPA).
The slow CEP drift from the amplification process can then be compensated by controlling the grating separation in stretchers or compressors [2] . Since the feedback control system in amplifiers cannot compensate the fast CEP jitter originated from the oscillator [2] [3] [4] , the CEP of the oscillator must be locked during the entire time while the streaked spectrogram is obtained.
It is a common practice to obtain CEP stable pulses from the oscillator by locking the carrier-envelope offset frequency, f CEO . Typically, this is done by controlling the pump power with an acousto-optic modulator (AOM). Due to the change of environmental conditions in laser laboratories, f CEO drifts slowly and can move out of the AOM locking range. This limits the time period that the f CEO can be locked to less than 10 hours in our laboratory environment. There are several ways to compensate the slow f CEO drift, such as adjusting the intracavity prism insertion [5] and scanning the insertion of a wedge [6] . However, we found that mechanical vibrations of the translation stage could disrupt the CEP locking when a wedge was moved within the cavity. Here we propose a new scheme to extend the CEP locking time.
DOUBLE FEEDBACK CEP CONTROL
We studied the long-term CEP locking using a commercial oscillator, RAINBOW TM from FEMTOLASERS, Inc. using the setup shown in Fig. 1 . The repetition rate of the oscillator is 80 MHz. The f CEO is measured by difference frequency generation in a PPLN crystal, which drifts in the 0 to 40 MHz range when unlocked. For our CPA system, we lock the f CEO to 20 MHz. The locking range using the AOM is 7 MHz. The daily slow drift of f CEO when unlocked is 12 MHz, nearly two times larger than what the AOM can correct.
We investigated the dependence of f CEO on the temperature of the Ti: Sapphire crystal. When the temperature of the chiller was scanned from 15°C to 22°C, the unlocked f CEO shifted almost linearly and covered a 12 MHz range, as shown in Fig. 2 (a) . In the 11°C to 22°C range, the oscillator output spectrum remained the same, as shown in Fig. 2(b) . A CW peak appeared in the oscillator output spectrum at temperatures above 22.8°C or below 10.2°C.
We added another controlling loop to the f CEO locking, which adjusted the temperature of the Ti:Sapphire crystal and other dispersive material inside the oscillator cavity to compensate the slow f CEO drift. The control range of the AOM signal was set to ± 0.1 V, which is smaller than before the f CEO drifted out of the AOM full lockable range. When Fig. 1 Layout of double feedback control for locking the f CEO of a nearly octave-spanning oscillator. AOM acousto-optic modulator for changing the pump power; OC, broadband output-coupler; WP, wedge pair; PD, photo diode; APD, avalanche photodiode; LP filter, low pass filter. the feedback signal was detected beyond the limits of the control range of the AOM, the chiller's temperature was changed to compensate the slow drift of the f CEO until the AOM driving voltage returned to within the control range. The delay between each step of temperature change was set to 400s, which guaranteed that the oscillator reached thermal equilibrium gradually. We chose 0.1°C as the step size here, because it was the minimum step that the chiller could control, and a small step size minimized the perturbation on the mode locking of the oscillator. The oscillator was found to perform optimally within a temperature range of 17°C and 19.3°C. As shown in Fig. 3 , the wide dynamic range of temperature control guaranteed the long term CEP stabilization of more than 13 hours on a daily basis, sometimes exceeding 19 hours. This doubled the typical CEP stabilization time under the same conditions, and was sufficient for the data acquisition of current attosecond streaking experiments. When the temperature reached the preset limit after 19 hours of operation, the additional loop failed to assist the CEP stabilization by AOM. It is believed that the CEP can be stabilized for an even longer time by increasing the range of temperature control.
Finally, we studied the mechanism of dependence of f CEO on the gain material, which is a 2 mm long Ti: Sapphire crystal. The refractive index of the gain crystal is not only a function of frequency, but also a function of temperature. By using the Sellmeier equation in [7] , we estimated a change rate of K MHz dT df CEO / 86 . 0 = , smaller than the measured value of 2.4 MHz/K. This is likely due to the contribution of other dispersive materials in the cavity, such as air and the fused silica wedge pair.
In conclusion, we improved the long-term CEP stability of a nearly octave-spanning oscillator by using the temperature of the dispersive materials inside the oscillator as a slow feedback control to assist the conventional AOM control. This double feedback scheme stabilized the oscillator CEP for more than 19 hours, which doubles the typical stabilization time of our oscillator. Without adding new optical elements or disturbing the operation of the oscillator, this scheme is compact, easy to operate, and economical. 
